Cerebral small vessel disease (SVD) causes a quarter of all strokes in the form of lacunar infarcts and is the most common pathology underlying vascular cognitive impairment. White matter hyperintensities (WMHs), best seen on T2-weighted magnetic resonance imaging (MRI), are an important radiological feature of SVD and their presence predicts both stroke and dementia.^[@R1]^ Despite their importance, understanding of their underlying pathophysiology is incomplete, and there are few effective treatments.

Recently, a role of inflammation in the genesis and progression of WMH in SVD has been proposed,^[@R2]^ with many lines of evidence supporting this hypothesis. Postmortem samples show inflammatory cells in the white matter around blood vessels and in the vicinity of demyelination.^[@R3]^ Proinflammatory enzymes are elevated in the cerebrospinal fluid of patients with vascular cognitive impairment^[@R4]^ and blood biomarkers of inflammation, including IL (interleukin)-6 and CRP (C-reactive protein), have been associated with the presence of WMHs.^[@R5]^ Plasma levels of inflammatory cytokines, markers of oxidative stress (such as myeloperoxidase), and vascular inflammation (such as matrix metalloproteases) have been associated with the WMH volume,^[@R6]--[@R8]^ while there is evidence that ICAM-1 (intercellular adhesion molecule 1) levels in serum are elevated^[@R9]^ and predict WMH progression in longitudinal studies.^[@R10]^ Furthermore, in animal models of SVD, glia in the white matter are activated preferentially in response to ischemia^[@R11]^ and matrix metalloproteases and tumour necrosis factor-α colocalize within areas of white matter disease.^[@R12]^ Whether these inflammatory processes occur in disease pathogenesis itself or in response to white matter injury remains unclear.

In contrast, the immune system plays a central role in the pathogenesis of multiple sclerosis (MS). Association with variation in the major histocompatibility complex is well recognized,^[@R13]^ and genome-wide association studies (GWAS) have revealed many additional single nucleotide polymorphisms (SNPs) that also influence the risk of developing the disease, the majority of which map close to immunologically relevant genes.^[@R14],[@R15]^

In view of the fact that both MS and SVD result in white matter high signal lesions on MRI, and share a number of pathological inflammatory features, we hypothesized that shared inflammatory pathways might mediate the response to neuronal injury in both conditions. This might provide further insight into the pathological mechanisms of these diseases and offer novel targets for future treatments in SVD. Indeed, early work in a rat model has shown that dimethyl fumarate, a treatment for relapsing-remitting MS, reduces the level of glial activation and the deterioration in specific measures of neuronal function after hypoperfusion.^[@R16]^

Increasingly, genetics is being used to determine whether potentially overlapping conditions share common disease mechanisms, and this approach has, for example, been successfully used to demonstrate sharing of genetic risk between SVD and Alzheimer disease.^[@R17]^ To investigate whether ischemic WMH and MS might share common mechanisms leading to white matter damage, we used GWAS data to determine whether having genetically elevated WMH levels was associated with increased MS risk, or the reverse, whether having genetically elevated MS risk was associated with increased WMH levels.

Methods
=======

Published summary statistics are available in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.118.023649) to the referenced GWAS studies. MS meta-analysis data are available from the International Multiple Sclerosis Genetics Consortium. Further data that support the findings from this study are available from the corresponding author at a reasonable request.

All original individual studies received approval from respective local ethics committees; the participants for each study gave informed written consent.

Study Populations
-----------------

### Ischemic White Matter Damage---WMHs

Risk scores for ischemic white matter disease were calculated in 2 independent cohorts.

1.  In a cohort of patients with ischemic stroke (WMH in stroke; n=2797). This population has been described previously^[@R18]^ but in brief comprises several independent cohorts of patients with acute ischemic stroke enrolled through hospital-based studies from 1995 to 2013. Data were contributed from the Welcome Trust Case Control Consortium 2 study which included patients from Edinburgh, Oxford, St George's (University of London) and Munich and from the Milano, GENESIS (Identifying Genetic Risk Factors for Cerebral Small Vessel Disease and Leukoaraiosis; 1--3), Leuven, SLESS (South London Ethnicity and Stroke Study) and UK DNA Lacunar studies. Patients with a proven or suspected monogenic cause of stroke or with other nonischemic diseases affecting white matter were excluded.

2.  In a prospective population-based cohort (UK Biobank; n=8353). UK Biobank is a prospective study that recruited over 500 000 participants aged 40 to 69 from 2006 to 2010. (<http://www.ukbiobank.ac.uk>). Participants are followed-up by health records, questionnaires, physiological measurements, blood tests, and imaging. We used the second release of the MRI data from the subset of patients who underwent brain MRI (n=9066). Patients with a diagnosis of stroke (self-reported or based on health records), MS, or other neurodegenerative disease were excluded.

### Multiple Sclerosis

Summary statistics were provided by the International Multiple Sclerosis Genetics Consortium and are based on their latest meta-analysis,^[@R19]^ which included 14 802 cases meeting internationally agreed clinical and paraclinical criteria^[@R20]^ and 26 703 healthy controls.

WMH Lesion Volume Estimation
----------------------------

In the WMH in stroke population, WMHs were quantified on T2-fluid attenuated inversion recovery (when available) or T2 MRI, using the contralateral hemisphere to the stroke as described previously^[@R18]^ by trained and blinded raters. The GENESIS 3 and SLESS data sets were analyzed using Jim image analysis software version 7.0.5 (Xinapse Systems Limited, <http://www.xinapse.com/j-im-7-software/>), a semi-automated program in which a region of interest containing voxels above a particular threshold value is defined and then manually adjusted. The remaining subsets were analyzed using DISPunc,^[@R21]^ a semi-automated program where a starting voxel (seed) was marked by the rater and then outlined automatically following the direction of the maximum signal intensity gradient at each voxel to delineate the lesion. WMH volumes were doubled to provide an estimate for the whole brain and corrected for total intracranial volume and log-normalized.

In the UK Biobank population, WMHs were quantified on T2-fluid attenuated inversion recovery (when available) or T2 MRI using the Brain Intensity Abnormality Classification Algorithm.^[@R22]^ This is a semi-automated method for WMH detection based on the k-nearest neighbor algorithm; the total WMH volume was calculated from the white matter voxels exceeding the probability of 0.9 of being WMH, corrected for total intracranial volume and log-normalized. The analysis was performed on the WMH volume imaging derived phenotype available from UK Biobank.^[@R23]^

Diffusion tensor imaging parameters, such as fractional anisotropy (FA) and mean diffusivity (MD), have been shown to be more sensitive measures of disruption of white matter microarchitecture than WMH on T2-fluid attenuated inversion recovery^[@R24]^; for this reason, we also assessed the contribution of these SNPs to FA and MT measures in the UK Biobank population. We used the imaging derived phenotypes provided by UK Biobank.^[@R23]^ Corrected images were projected on to standardized templates comprising 48 neuronal tracts to produce mean FA and MD values for each tract. Principal component analysis was then used to extract the first principal component for FA and MD; these were taken forward as latent variables for further analysis. This method has been previously been used to analyze diffusion tensor imaging in participants in UK Biobank.^[@R25]^

Selection of Genome-Wide Significant SNPs
-----------------------------------------

We combined the lists of SNPs associated with MS at genome-wide significance in previous GWAS.^[@R14],[@R15]^ From this list of variants, we excluded SNPs which did not reach significance at *P*\<5×10^−8^ and pruned by linkage equilibrium^[@R26]^ (*r*^2^\>0.1) to define a list of 106 variants to take into further analysis. This list of SNPs is given in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.118.023649) (Table I in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.118.023649)).

We further defined a set of 11 SNPs that are significantly associated (*P*\<5×10^−8^) with WMH volume in existing GWAS studies^[@R18],[@R27],[@R28]^ and in linkage equilibrium. This list is provided in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.118.023649) (Table II in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.118.023649)).

Statistical Analysis
--------------------

### Summary-Level Genetic Risk Score Analysis

We first assessed the effect of the MS SNPs on WMH volumes using the inverse variance weighted summary statistic method described by Ehret et al,^[@R29]^ calculating a weighted multi-SNP risk score for the cumulative effect of these SNPs on WMH lesion volume. This is similar to conventional Mendelian randomization analysis but relies on rather less strict assumptions about one condition directly causing another.^[@R30]^ If the 2 conditions have shared underlying mechanisms, then we would expect genetic predictors of MS risk to be associated with WMH volume, and for the genetic association with the inverse variance weighted risk score (which is a weighted average of the genetic associations with the SNPs in the score) to differ from zero (and vice versa). We then performed the same analysis assessing the influence of MS SNPs on MD and FA from genome-wide analyses in UK Biobank.^[@R25]^ All analysis was performed in the R Project for Statistical Computing^[@R31]^ using the gtx package.^[@R32]^ This is a toolbox that regresses the risk scores of SNPs for a response trait on to the calculated weighted multi-SNP risk scores of a dependent trait.

### Individual-Level Genetic Risk Score Analysis

Second, we tested the contribution of the set of MS SNPs to ischemic white matter disease by calculating polygenic risk scores across these SNPs for each subject in the UK Biobank data set.^[@R33]^ We assessed whether the MS risk score contributed to WMH volume, FA, or MD in a linear regression model that included genotyping batch, age, sex, and the first 10 ancestry informative principal components as covariates. For this analysis, we used 4 sets of SNPs to enable a comprehensive assessment of potential shared mechanisms. We first included only SNPs reaching genome-wide significance with MS, as described above. We then included SNPs reaching 3 thresholds: *P*\<1×10^−4^, *P*\<0.05, and *P*\<0.5. For these SNPs, we performed linkage disequilibrium (LD)-based clumping to derive a set of independent SNPs with either *r*^2^\<0.01or 1000 Mb between all pairs of SNPs.

### LDSCORE Analysis

Finally, we assessed the global genetic correlation between MS and WMH, FA, and MD, using the LD score regression approach^[@R34]^ based on summary statistics. Briefly, this approach assumes that LD blocks containing higher numbers of significantly correlated SNPs are more likely to represent significant causal regions and that this information can be used to determine heritability and coheritability of pairs of traits. LD scores are, therefore, calculated as the sum of *r*^2^ values within an LD block and regressed against the product of SNP *Z* statistics in given LD blocks for pairs of traits to obtain an estimate of genetic correlation. This analysis used the ldsc package (<https://github.com/bulik/ldsc>) based on precomputed LD scores from European populations (<https://data.broadinstitute.org/alkesgroup/LDSCORE/eur_w_ld_chr.tar.bz2>).

Results
=======

We found no significant association of genome-wide significant variants influencing MS with WMH volume using summary statistics in the WMH in stroke cohort (relative risk score =1.014; 95% CI, 0.936--1.100) or in the UK Biobank cohort (relative risk score =1.030; 95% CI, 0.932--1.117). Similarly, there was no significant association of genetic variants influencing MS with either FA (relative risk score =0.991; 95% CI, 0.878--1.119) or MD (relative risk score =0.972; 95% CI, 0.863--1.094; Table [1](#T1){ref-type="table"}).
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We next performed the converse analysis, assessing the contribution of SNPs significantly associated with WMH on the risk of MS. Again, we found no significant association (relative risk score =0.930; 95% CI, 0.736--1.191). Sensitivity analysis of all association test results was performed by repeating these measures using minor allele frequency thresholds of 10% and 20%; these results were also null (Table III in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.118.023649)).

Third, we performed genetic risk score analysis based on individual-level data from UK Biobank for 4 *P* value thresholds: *P*\<5×10^−8^, *P*\<1×10^−4^, *P*\<0.05, and *P*\<0.5. We found no statistically significant association between this MS risk score and WMH volume, FA, or MD at any *P* value threshold (Table [2](#T2){ref-type="table"}).

###### 

Association of Polygenic Risk Scores Derived From Multiple Sclerosis Associated SNPs at Given P Value Thresholds With WMH, FA, and MD in UK Biobank

![](str-50-1968-g002)

Finally, we estimated the genome-wide genetic correlation between MS and WMH volume, FA, and MD from UK Biobank, using LDSCORE regression. Again, there was no evidence of shared genetic effects between MS and WMH volume (rG =0.037; SE=0.088; *P*=0.68), FA (rG =0.083; SE=0.077; *P*=0.28), or MD (rG =0.097; SE=0.095; *P*=0.31), respectively.

Discussion
==========

We sought to determine, based on sharing of genetic susceptibility factors, whether shared pathways underlie both ischemic white matter damage and MS. We found no evidence that SNPs that are significantly associated with MS affect the risk of WMH volume nor that SNPs that are significantly associated with WMH affect the risk of MS. This was true for both SNPs that are established as being associated with both diseases using genetic risk score approaches, and for genome-wide SNPs at lower significance thresholds using LDSCORE and polygenic risk score approaches. No SNP associated significantly with both condition at the genome-wide significance level (*P*\<5×10^−8^).

As diffusion tensor imaging measures have been shown to be a more sensitive measure of ischemic white matter injury and found to correlate better with clinical and cognitive parameters than WMH volume,^[@R35],[@R36]^ we also looked for sharing of genetic risk between diffusion tensor imaging measures of white matter damage and MS. Again, we found no evidence that genetic risk was shared.

Inflammation is a primary disease mechanism in MS, and inflammatory processes have also been implicated in ischemic white matter damage. However, determining whether inflammation plays a causal role in disease pathogenesis in ischemic WMH is challenging. Much of the evidence, for example, from pathological and observational data, show an association but does not exclude the possibility that the inflammation occurs secondary to tissue damage. As genomes are randomly allocated at conception stronger claims about causality can be made based on genetic associations, so long as certain assumptions are not invalidated.^[@R37]^ Using genetic data, we found no evidence that the genetic risk factors for MS also played a role in SVD as estimated by the extent of WMH.

One interpretation is that inflammatory mechanisms do not play a causal role in ischemic WMH. However, given that SNPs that associate significantly with MS largely implicate particular immune genes, an alternative possibility is that different immune pathways are relevant in each of the diseases. SNPs that associate significantly with WMH lesions principally code for extracellular matrix proteins and cell adhesion molecules. It may be that the inflammatory activation within a defined MS lesion is mediated by a different pathway than the more generalized cellular response to hypoxia and differing metalloprotease expression between ischemic and MS lesions has previously been shown.^[@R38]^ In addition, 2 traits which do not share genetic risk might nevertheless act via the same cellular pathway activated by distinct triggers. It is also possible that common biological mechanisms might have opposite associations, leading to overall null results.

Estimation of the reciprocal effect of SNPs significant for WMHs on the risk of MS added robustness, however, analysis of the effect of these SNPs was limited by the relatively small number available to factor into any polygenic risk score calculations. We did not have direct access to genotype-level MS data meaning, we were not able to derive polygenic risk scores in MS data, which would have enabled more detailed analysis of the effect of WMH-associated SNPs in MS.

Another limitation of our study is that we while we took the volume of WMHs as our measure of the extent of ischemic white matter damage the genetic data on MS looked instead at the risk of the disease rather than the extent of white matter lesions; such data are not available in the MS consortium. We also estimated WMHs in both a stroke population and a community population. However, the vast majority of WMHs in community populations are thought to have an ischemic basis, and previous studies have shown a close genetic correlation between WMH in stroke populations and community populations.^[@R18]^ One potential explanation for negative findings such as this is lack of study power. However, the sample sizes in this study were large, suggesting that if a substantial overlap exists between MS and SVD, we would have expected to identify it.

In summary, our results do not demonstrate sharing of genetic risk between MS and vascular white matter disease and so provide no evidence to support a shared cellular pathway or pathological mechanism in the development of these conditions.
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